The protein kinases C (PKCs) define a growing family of ubiquitous signal transducting serine/threonine kinases that control ion conductance channels, release of hormones and cell growth and proliferation. Degenerated oligonucleotides were used as primers for polymerase chain reactions to amplify PKC-related sequences from the white truffle species Tuber magnatum and Tuber borchii. The deduced amino acid sequences of cloned sequences reveal domains homologous to the regulatory and kinase domains of PKC-related proteins, but lack typical Ca 2 -binding domain and therefore should be classified as nPKCs. Both contain a large extended N-terminus which is found exclusively in fungi PKCs. Phylogenetic analysis of the kinase domain demonstrates high homology with known filamentous fungi isoenzymes. ß 2000 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
Introduction
White and black tru¥es of the genus Tuber are a poorly studied group of hypogeous fungi that belong to the ascomycetous class as Neurospora crassa. Notwithstanding N. crassa, tru¥es are symbiotic fungi because of their obligatory ectomycorrhizal interaction with the roots of gymnosperm and angiosperm trees [1] . Interacting organisms continuously in£uence each other, in most cases, by signal transduction mechanisms that involve phosphorylation cascades [2^5] . Ca 2 phospholipid-dependent protein kinases (PKCs) are a closely related family of serine/threonine protein kinases that act as transmitters and ampli¢ers of many transduction signals (for a review, see [6] ). PKC signalling function is strongly conserved through evolution : PKC-like genes have been isolated not only from mammalian but also from plants and fungi [7^11], suggesting that PKC transduction pathways have a fundamental function common to all eukaryotes.
Here we report the cloning and characterization of genes encoding PKC homologues from the ectomycorrhizal fungi Tuber borchii and Tuber magnatum, tbpkc and tmpkc, respectively. The deduced amino acid sequences allowed the assignment of the two genes to the nPKC class. PKC gene expression in di¡erent growth condition was studied and phylogenetic analysis of the kinase domain was done in order to position these two fungi taxonomically.
Materials and methods

Tru¥e strains and nucleic acids isolation
Strains were T. borchii myceliar clone ATCC 96540 and ripe ascocarps of T. borchii and T. magnatum collected in natural tru¥e ground in northern and central Italy. Myceliar ATCC 96540 T. borchii clone was grown in the dark at 25³C in modi¢ed Melin^Noorkrans liquid nutrient solution (pH 6.6 MMN) [12] . Total genomic DNA was isolated from collected ascocarps or 30-days-old T. borchii mycelium using standard N. crassa protocols [13] . Standard liquid growth protocol for T. borchii mycelia consists in inoculation of small pieces of an already grown mycelium in new £asks containing the Molina medium and incubation at 25³C without shaking. In this kind of growth protocol (termed SG, slow growth), 25^30 days (afterwards the mycelium starves) are required to obtain from each £ask a maximum of 0.1^0.2 g of dried mycelium. Fast growth (FG) protocol (Ambra and Macino, unpublished) uses continuous air pumping in the medium and yields several grams of dried mycelium in the same SG incubation time. FG protocol can also be applied to recover starved mycelia that resume growth and yield, in that way, several grams of dried mycelium in 6^7 days. Total RNA was prepared as described by Morelli et al. [13] from starved and recovered mycelia of T. borchii. Isolation of plasmid DNA and recombinant DNA manipulation were carried out according to standard methods [14] . A Vgt11 T. magnatum cDNA library and two T. borchii DNA and cDNA libraries in EMBL 4 and VZapII (Stratagene), respectively, were used in the course of this study.
PCR ampli¢cation of genomic T. borchii DNA fragments encoding the regulatory domain of PKCs
The strategy for cloning DNA fragments of tru¥e PKC homologues was to use in PCR experiments couples of degenerate oligonucleotides speci¢c for consensus nucleotide sequences deduced from the most conserved amino acid sequences within the regulatory C1 domain fungal PKC proteins (see Fig. 1 ). Oligonucleotides (Gibco) used were forward primers A and Q and reverse primers G and P. Primer A is 64-fold degenerate and corresponds to the amino acid sequence VEELRRK (amino acids 337^343 in N. crassa PKC, EMBL accession P87253). Primer Q is 48-fold degenerate and corresponds to the amino acid sequence QFINIM (amino acids 464^469). Primer G is 16-fold degenerate and corresponds to the amino acid sequence WCCHCG (amino acids 538^543). Primer P is 128-fold degenerate and corresponds to the amino acid sequence PDFCGM (amino acids 573^578) (see Fig. 1 ).
Ampli¢cation reactions were performed in a ¢nal volume of 50 Wl of PCR solution containing 50 ng of T. magnatum or T. borchii genomic DNA in 10 mM Tris^HCl pH 8.3, 50 mM KCl, 5 mM MgCl 2 , 200 WM dNTPs, 20 pmol of each primer and 2.5 U Taq DNA polymerase from Promega.
After an initial 5 min denaturation step, 25 cycles of PCR were carried out in a Perkin Elmer Cetus (model 2400) DNA thermal cycler, each cycle consisting of the following steps: denaturation at 94³C (30 s), annealing at 50³C (30 s) and extension at 72³C (30 s), followed by one cycle of 94³C (30 s), 50³C (30 s) and 72³C for 20 min. PCR products were analyzed by electrophoresis in 1.5% agarose gels, cloned into pCR 2.1 TA-vector (Invitrogen) and sequenced with an automated Applied Biosystems 373A DNA sequencer.
Isolation of tmpkc
After sequence con¢rmation of the homology to other PKC sequences, a 246-bp tbpkc PCR fragment (see Section 3) was labeled and used for the screening of 3U10 5 V clones of a T. magnatum EcoRI Vgt11 cDNA library.
Isolation of tbpkc
DNA EMBL 4 and cDNA VZapII (Stratagene) libraries of T. borchii were screened with the tbpkc fragment from the degenerated oligonucleotides experiments but yielded only incomplete clones. Thus oligonucleotides designed from T. magnatum cDNA were used to isolate the T. borchii PKC gene by PCR from genomic DNA. PCR fragments of expected size were inserted in pCR 2.1 TAcloning vector (Invitrogen) and sequenced. For completing the 5P terminus of the tbpkc sequence, pairs of speci¢c primers were designed in the most 5P sequence of the ampli¢ed fragments and used in two consecutive inverse-PCR experiments [15] . Each time, Southern analysis of T. borchii genomic DNA was used to predict PCR products length. For inverse-PCR template generation, 1 Wg of T. borchii genomic DNA was digested overnight with 10 U of RsaI and afterwards self-ligated overnight. Aliquots of the selfcircularized reactions were then used as templates for PCR reactions [15] . Inverse-ampli¢cation reactions were performed under the same conditions described previously. Rapid ampli¢cation of the cDNA ends (RACE) PCR ampli¢cation [16] and reverse transcription (RT)-PCR were used to identify the 3P end of tbpkc gene and eventual introns. Five Wg of T. borchii mycelium total RNA was reverse-transcribed with Superscript II RT polymerase (Gibco) from a 35-base oligonucleotide containing 17 dT residues and an adaptor sequence, according to the manufacturer's instructions (Gibco). Aliquots of cDNA were then used to amplify DNA fragments using oligonucleotides in the most 3P sequence and adaptor oligonucleotides under the same PCR conditions described previously. Several other RT-PCR reactions were performed with several oligonucleotides to determine the total intron content of the tbpkc gene.
Sequence and phylogenetic analysis
Database searches for retrieval of PKC-related sequences were made with the BLASTp program at the National Center for Biotechnology Information, National Institutes of Health (http://www.ncbi.nlm.nih.gov) and at EMBL (http://www.embl.heidelberg.de). Predicted amino acid sequences were compared and aligned with known fungi PKC sequences locally with Clustal W program [17] and on line at The Baylor College of Medicine (http:// www.hgsc.bcm.tmc.edu/SearchLauncher/) selecting default options (gap opening, 10.00; gap extension, 0.05; delay divergent sequence, 40%; Blossum series; gap separation distance, 8). Domains and signatures prediction were performed with the on line programs Jpred (http://circinus. ebi.ac.uk) and PROSITE (http://www.expasy.ch).
For phylogenetic tree construction, the automatic Clus-tal W multiple alignments of the kinase domain were ¢rst optimized by eye inspection. Dendrograms were then constructed by using maximum-parsimony (MP) and evolutionary distance (ED) methods applying respectively the PROTPARS and PROTDIST programs implemented in the PHYLIP package [18] . ED matrices were calculated with the Dayho¡ option and the resultant pairwise distances were used to construct a dendrogram with the program FITCH. For statistical analysis, the programs SEQBOOT and CONSENSE were used to construct consensus MP and ED trees based on 100 bootstrap replications of the original multiple alignment. The graphical output of trees was produced by the software TREEVIEW (RDM Page, University of Glasgow, UK: http://taxonomy.zoology. gla.ac.uk/software).
Northern blot hybridizations
Ten Wg of T. magnatum ascocarps total RNA and 30-days-old starved and recovered T. borchii mycelium total RNA were electrophoretically separated in formaldehyde 1.2% agarose gels, blotted onto Genescreen-N nylon membranes (Dupont) and hybridized according to the manufacturer's instructions. Probes used to detect the transcripts were random-primed (Boehringer) 32 P-labeled PCR fragments. The ribosomal gene S9 was used for normalization.
Final wash conditions were 0.1USSC, 1% sodium dodecyl sulfate at 65³C for 15 min and exposure time was for 16 h to 7 days.
Results
Cloning and characterization of tmpkc and tbpkc genes
Degenerated oligonucleotides Q and G (see Fig. 1 ) gave a positive DNA PCR fragment from T. borchii of the expected size of 246 bp. Nucleotide sequencing of this fragment indicated that the sequence shared high amino acid sequence homology with known fungi PKC enzymes. This fragment was then labeled and used to screen a Vgt11 bacteriophage cDNA library of T. magnatum. Three identical phage clones were isolated that hybridized to the probe. DNA isolation and restriction showed a 2.9-kb EcoRI positive fragment in hybridization analysis. The 2.9-kb restriction fragment was subcloned in BlueScript (Stratagene) and sequenced. This partial sequence of T. magnatum PKC gene is deposited at EMBL accession AJ245438.
Oligonucleotides from T. magnatum cDNA were used to isolate the T. borchii PKC gene by PCR from genomic DNA. Remaining tbpkc sequence was determined by inverted PCR and by RACE with oligonucleotide at the most 5P and 3P of the tbpkc sequence. 4194 bp were obtained for the tbpkc gene and eight introns were found by aligning the genomic sequence with cDNA sequences obtained from an incomplete VZap clone and with sequences obtained from various RT-PCR experiments. The complete genomic sequence of tbpkc is deposited at EMBL accession AJ245437. Similarity values of the 201 residues of the TBPKC serine/threonine kinase domain (from amino acids 814^1014, subdomain I^IX, bold in Fig. 1 
Northern blots hybridizations
Single transcripts of the tbpkc gene were detected in Northern analyses of total RNA extracted from T. borchii mycelia (Fig. 2) . Hybridization of total RNA from starved and recovered mycelia of T. borchii (see Section 2) showed no signi¢cant di¡erential expression of the tbpkc gene even in SG starved mycelia recovered for 40 min to 24 h (Fig.  2) .
Deduced amino acid sequences of tmpkc and tbpkc genes
The T. magnatum PKC partial sequence contains one open reading frame of 2973 bp encoding a 991-amino acids long polypeptide (Fig. 1) . The 4194-bp tbpkc sequence encodes a polypeptide with the predicted length of 1136 amino acids (Fig. 1) . Alignment of the PKC cDNA sequences of T. borchii and T. magnatum (Fig. 1 ) reveals extensive sequence identity (91.5%, for the known sequence of tmpkc), as well as alignment of the deduced amino acid sequences (95%). Similarly to other fungal PKC members, T. borchii (and probably T. magnatum) PKC displays an extended N-terminus of about 350 amino acids (see Section 4). Downstream both TBPKC and TMPKC display the universal C1 domain present in all members of the PKC family [19] . This domain consists of two conserved motifs: a pseudosubstrate sequence RKQAVRQKKE (amino acids 411^420 in TBPKC) which is involved in the autoregulation of the kinase activity and two cysteine-rich repeats (CRRs) with the zinclike pattern H-X 12 -C-X 2 -C-X 11À13 -C-X 2 -C-X 4 -H-X 2 -C-X 7 -C (amino acids 428^475 and 496^546 in TBPKC) which are thought to be involved in diacylglycerol and phorbol ester-binding (Fig. 1) . Nevertheless, fungi CRRs di¡er from the classical zinc ¢nger motif (H-X 12 -C-X 2 -C-X 13À14 -C-X 2 -C-X 4 -H-X 2 -C-X 7 -C) found in Metazoa [19] .
The kinase portion of PKCs contains several subdomains, all present in the tru¥e PKCs (Fig. 1) [20] . Subdomain I with the conserved ATP-binding signature GxGxxG (at positions 821^826 in TBPKC); subdomain II contains the invariant lysine residue (at position 843) thought to be involved in Q-phosphoryl transfer; subdomain III shows the invariant glutamic acid residue (at position 862), involved in ATP-binding; subdomain V contains the residues methionine, tyrosine and leucine (positions 891^892 and 894; in tru¥es, the leucine residue is substituted by an isoleucine); subdomain VI contains the consensus of the serine/threonine protein kinases activesite signature RDLKX 2 N (at positions 938^939^9409 41^944); subdomain VII contains the conserved triplet DFG (F is substituted by Y in TBPKC and TMPKC); subdomain VIII contains the highly conserved APE motif (982^984) involved in recognition of the substrate; subdomain IX contains the invariant aspartate residue (993) and subdomain XI the invariant arginine residue close to the C-terminus of the catalytic domain (at position 1056) [20] .
Phylogenetic analysis of tru¥es serine/threonine kinase domain
For an evolutionary analysis of T. borchii and T. magnatum, 26 out of 333 serine/threonine kinases belonging to di¡erent phyla were downloaded from the NCBI protein database. When more than one serine/threonine kinase homologue per species were found in the database, only that displaying the highest similarity score to the sequences from tru¥es was chosen. The following species were chosen: from Eucaryota : Metazoa : Deuterostomia : Chordata: Homo sapiens, Rattus norvegicus and Mus musculus; Echinodermata: Lytechinus pictus; Protostomia: Arthropoda: Drosophila melanogaster; Nematoda: Caenorhabditis elegans; Porifera: Geodia cydonium and S. raphanus; Euglenozoa: E. gracilis; Alveolata : G. polyedra; Planta : Oryza sativa, Arabidopsis thaliana, Solanum tuberosum, Zea mays and Phaseolus vulgaris; fungi: Hemiascomycetes : Saccharomyces cerevisiae, Candida albicans and Schizosaccharomyces pombe; Euascomycetes: T. borchii, T. magnatum, Cochliobolus heterostrophus, Magnaporthe grisea, S. schenckii, N. crassa, Aspergillus niger and H. jecorina. The last kinase sequences selected for the comparison are protozoa and bacteria : Trypanosoma brucei and Myxococcus xanthus. 201 residues (from amino acid 814 to 1014 in TBPKC, subdomain I^IX, boldface in Fig. 1 ) of tru¥e kinase domains were selected for a Clustal W multiple alignment versus the 26 other kinases. The alignment (Fig. 1) revealed that the catalytic domains of TBPKC and TMPKC are near identical, except for the two serine (position 836) and proline (910) residues in TBPKC substituted by cysteine and alanine, respectively, in TMPKC. When compared with other species (Table 1) , the TBPKC kinase shows highest values of similarity to sequences from ¢lamentous ascomycetes and yeast sequences (88.75% mean similarity). Average similarity decreases to 59.18% for metazoan species and to 41.84% for the two algae species. Plant species similarity with TBPKC kinase drops down to the mean value of 21.07%. Finally, kinase similarity with the protozoa T. brucei and the bacteria M. xanthus are 16.35% and 14.75%, respectively. By eye inspection of the multiple alignment 184 (out of 201 in TBPKC), highly conserved positions were selected for the construction of MP and ED trees (Fig. 3 ) and for 
Discussion
PKCs represent a growing family of enzymes that play key regulatory roles in a puzzling multitude of cellular processes from yeasts to humans [6] . Along with the need to acquire more knowledge about the biology of these poorly studied group of fungi, we have used degenerated PCR and library screening methods for cloning the PKC homologues in two tru¥e species, T. borchii and T. magnatum.
The two main functional domains which are the hallmark of all PKC isoenzymes so far identi¢ed are present also in the two tru¥e PKCs (Fig. 4) : a regulatory domain at the N-terminal of the protein and a C-terminal catalytic domain [19] . Tru¥e PKCs show a typical C1 domain with a pseudosubstrate motif and two zinc-like cysteine repeats. Like other fungal isoenzymes, neither TBPKC nor TMPKC displays a typical Ca 2 -binding C2 regulatory domain, which is a hallmark of the cPKC subfamily. Similarly with the ¢lamentous fungi N. crassa, C. heterostrophus, M. grisea, S. schenckii, T. resei and A. niger PKCs (and to a less extent yeasts PKCs), the Ca 2 -binding domain is substituted by a poorly conserved region of approximately 200 residues long rich in glutamine, alanine and proline residues (12, 13 and 24%, respectively, as mean values for TBPKC) and thus could be involved in binding other regulatory proteins [21] . The extended regulatory domain at the N-termini of TBPKC shares similarity with the corresponding regions of S. cerevisiae, S. pombe, N. crassa, C. heterostrophus, C. albicans, S. schenckii, M. grisea, T. resei and A. niger PKC proteins (Fig. 4) . This extended regulatory domain contains three conserved subdomains that have been called CN1, CN2 and CN3 (V 0 /HR2) that are separated by regions of less conservation (Fig. 1) . Secondary structure prediction of domain CN1 and CN2 reveals two consecutive hydrophobic helices (see Fig. 1 ) that are potential sites of interaction with cellular membranes. Amino acid sequence analysis of TBPKC and TMPKC CN3 subdomain reveals at least two features. First, at the C-terminal, it shows a high content of basic amino acids that could be a signal for proteolytic processing or for nuclear targeting, because of a tetrabasic motif (amino acids 309^312 in TBPKC) [22] . Second, starting from the N-terminal of the subdomain CN3, sequence analysis reveals regions of homology to the Ca 2 -binding C2 domain of cPKCs, like it has been noted for the overlapping V 0 domains of aPKCs and nPKCs and HR2 domains of PKC-related kinases [23] . In particular, second structure prediction of fungi CN3s (see Fig. 1 , arrows) displays the most conserved four (out of eight) putative L-sheet (£anking the conserved aspartate residues, D in Fig. 1 ) strands present in the eight-stranded L-sandwich crystal structure of the C2 domain of rat synaptotagmin I [23] . However, similarly to V 0 and HR2 domains, TBPKC and TMPKC CN3/V 0 /HR2 subdomain could not be involved in Ca 2 -binding, because it lacks three of the four conserved aspartate residues that are required for Ca 2 -binding. The kinase domains of TBPKC and TMPKC reveal hallmarks found in serine/threonine kinase sequences isolated from species ranging from homo, D. melanogaster, C. elegans, plants, fungi, protozoa and bacteria. As expected, the highest values of similarity of tru¥e serine/ threonine kinase sequences were for sequences from fungi and the lowest for the bacteria M. xanthus (Table 1) . Both MP and ED trees (Fig. 3) demonstrate that all selected fungal sequences, especially the ¢lamentous ones, are closely related and fall into one branch with high statistical signi¢cance. Lightly separated from them are the sequences derived from the metazoan group of homo, rat and mouse. More distant are the algae group of E. gracilis and G. polyedra. The plant group of sequences is only distantly related to the fungi sequences. Finally, as expected, the lowest relationship of tru¥e sequences is with the protozoa T. brucei and with the bacterium M. xanthus. Overall structure of the fungi PKCs appears di¡erent with respect to the other phyla (Fig. 4) . This suggests di¡erent functions in these organisms : the nonmetazoan sequences do not contain a typical C2 Ca 2 -binding site and they show CRRs that are not in accordance with the typical zinc ¢ngers found in metazoan PKCs, suggesting a di¡ering mode of interaction with nucleic acid or other proteins. Notwithstanding the serine/ threonine kinase domain of all PKCs is a block that shares homology in both eukaryotes and prokaryotes, suggesting similar enzymatic mechanisms. However, the presence of N-terminal domains in the non-metazoan PKCs indicates di¡erent manners of regulation of the kinase activity. The nPKC enzymes are regulated by phospholipid, diacylglycerol and phorbol ester, but are independent of Ca 2 [6, 19] . Therefore, on the basis of their domain composition, both sequences identi¢ed in the tru¥e species T. borchii and T. magnatum should be assigned to the nPKC family of Ca 2 -independent kinases.
